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To assess the direct effects of Bacteroides gingivalis on periodontal cells, human gingival fibroblasts were
cultured in the presence of B. gingivalis extracts or a trypsinlike enzyme partially purified from the bacteria by
chromatography on benzamidine-Sepharose and Sephacryl S-200. Analysis of cell surface glycoproteins by the
periodate-[*H]borohydride labeling technique combined with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)-fluorography demonstrated that fibronectin and some other high-molecular-
weight cell surface glycoproteins were degraded by a 35,000-M,(35K) B. gingivalis protease. Immunostaining
of the fibroblast cultures showed degradation of intercellular matrix fibronectin by the 35K protease. The
pattern of fibronectin degradation was monitored by examining the reaction products with the SDS-PAGE-
immunoblotting technique. The protease degraded fibronectin rapidly and more extensively than did
corresponding amounts of pancreatic trypsin. Collagenase secretion by the fibroblasts was assayed by
incubating cell culture medium with soluble type I [*H]collagen at 25°C followed by SDS-PAGE-fluorography
analysis of the reaction products. The medium was also assayed for plasminogen activator activity by using a
casein-agarose diffusion plate assay. The fibroblasts cultured with the 35K protease secreted increased amounts
of collagenase and plasminogen activator into the medium. The results suggest that periodontal infection by B.
gingivalis causes proteolytic damage of the host cell surface structures. Concomitantly, B. gingivalis may induce

the cells to degrade their pericellular matrix.

Bacteroides gingivalis has been implicated as an important
pathogen in the establishment and progression of periodontal
diseases (15, 27). In destructive forms of the disease, the
organism is frequently found in the subgingival microflora
(26). Furthermore, inoculation of nonhuman primates with
B. gingivalis has been shown to enhance periodontal break-
down (5). The virulence of this organism is believed to arise
from several factors. For instance, specific surface struc-
tures protect the bacteria from the host defense (30) and
provide the means for adherence and colonization (17). In
addition, B. gingivalis possesses an unusual arsenal of
hydrolytic enzymes by which the organism can utilize many
kinds of tissue macromolecules for its metabolic needs (15,
27). It is not understood which part the hydrolytic enzymes
and other substances, such as lipopolysaccharides and met-
abolic byproducts, play in the virulence of B. gingivalis. In
theory, these factors may exert several kinds of direct and
indirect deleterious effects on both cellular and matrix ele-
ments of human tissue (15, 27). We have recently reported
partial purification of a major proteolytic enzyme from B.
gingivalis (28). The enzyme has an M, of 35,000 (35K
protease) and shows specificity for arginine-containing sub-
strates. In this study, we investigated the direct effects of
this B. gingivalis protease on human fibroblasts.

MATERIALS AND METHODS

Preparation of B. gingivalis samples. B. gingivalis ATCC
33277 was cultured anaerobically for 3 days on bacteriolog-
ical agar (Oxoid Ltd., Hampshire, England) containing 5%
horse blood, 0.5% yeast extract, 0.5 mg of menadione per
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ml, 500 mg of cysteine per liter, and 0.2% glucose. The
bacterial mass was harvested in phosphate-buffered saline
(PBS) and washed twice by low-speed centrifugation. The
cells were homogenized with a Branson B3 sonicator until
more than 90% of the bacteria were disrupted as determined
by examination under a light microscope. The homogenate
was centrifuged at 11,000 X g. The supernatant was passed
through a benzamidine-Sepharose affinity chromatography
column, and the bound fraction was eluted at pH 2.0.
Following adjustment of the pH of the eluent to 7.5, it was
passed through a Sephacryl S-200 gel filtration chromatog-
raphy column (28). The fraction eluted in the 35,000-M,
region showed the highest activity against benzoyl-arginyl-
paranitroanilide, a trypsin substrate, and was used in the
experiments. The purification was 12-fold, and sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) silver stain analysis showed some minor contaminat-
ing bands in the high-molecular-weight region. In this text,
the enzyme is designated as the 35K protease. The crude B.
gingivalis extracts (11,000 X g supernatant fraction of the
sonicate) with or without heat treatment (10 min at 100°C)
were included in the experiments on cell morphology and
fibronectin distribution.

Fibroblast cultures. Fibroblasts were cultured from a gin-
gival biopsy obtained from a person with a clinically healthy
periodontium. Cells from passage 3 were cultured in Dul-
becco modified Eagle medium supplemented with 10% fetal
bovine serum, 20 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid) buffer, 23 mM glucose, 50 pg of
streptomycin sulfate per ml, and 100 IU of penicillin per ml.

Analysis of cell surface glycoproteins. The medium of
confluent cultures of fibroblasts was removed, and the cell
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layer was washed three times with PBS without fetal bovine
serum. Pancreatic bovine N-tosyl-L-phenylalanine chloro-
methyl ketone-treated trypsin (Sigma type XIII) or the
purified B. gingivalis 35K protease in Dulbecco modified
Eagle medium was added to the cultures to a concentration
of 16 U/ml. The proteolytic activity was determined by using
benzoyl-arginyl-paranitroanilide (1 mM) as the substrate.
One activity unit is defined as the amount of enzyme
producing an optical density change at 405 nm of 0.001/min
at 37°C. Following incubation for 1 h at 37°C, the cells were
harvested with a rubber policeman and washed twice with
PBS with low-speed centrifugation. The cell surface glyco-
proteins were labeled by the periodate-[*H]sodium borohy-
dride technique as described by Andersson and Gahmberg
(1). The proteins were analyzed on SDS-PAGE by the
Laemmli method (9), followed by the fluorography technique
as described by Laskey and Mills (12).

Assay of fibronectin degradation. Human plasma fibro-
nectin purified by affinity chromatography was obtained
from A. Vaheri, Department of Virology, University of
Helsinki, Helsinki, Finland. Pancreatic trypsin or the 35K
protease was incubated at 37°C with 4 ug of fibronectin in 50
mM Tris hydrochloride (pH 7.3) with various enzyme
amounts and incubation times. The degradation products of
fibronectin were analyzed by SDS-PAGE with 6% gels,
followed by immunoblotting (8). The peptides were trans-
ferred from the gels onto a nitrocellulose sheet (Millipore
HAWRP 000 001) (33). The sheet was then saturated with
0.05% Tween 20 in PBS. Anti-fibronectin immunoglobulin G
(IgG) (Dakopatts, Copenhagen, Denmark) at a 1:100 dilution
was added for 1 h. Following extensive washing of the sheet
with PBS, alkaline phosphatase-conjugated anti-rabbit IgG
(Oriola Diagnostics, Helsinki, Finland) was added at a
dilution of 1:100 for 1 h. Following further extensive washing
with PBS, the sheet was incubated at 4°C for 3 min with
a-naphthyl phosphate and 4-aminodiphenylamine diazonium
sulfate.

Immunostaining of fibronectin in fibroblast cultures. Con-
fluent fibroblast cultures were incubated for 16 h in Dulbecco
modified Eagle medium without serum in the presence of 6 U
of the 35K protease per ml or crude extracts of B. gingivalis
at a final concentration of 100 pg of protein per ml (14). The
cultures were fixed with 3.5% paraformaldehyde in PBS,
made permeable with Triton X-100, and immunostained with
anti-fibronectin IgG at a 1:50 dilution as the primary anti-
body and fluorescein isothiocyanate-conjugated anti-rabbit
IgG (Oriola Diagnostics) at a 1:100 dilution as the secondary
antibody (36).

Collagenase assay. Fifty microliters of culture medium was
incubated with soluble [*H]proline-labeled chicken type I
collagen in 0.05 M Tris hydrochloride buffer (pH 7.8) con-
taining 0.2 M NaCl and 0.005 M CaCl, for 18 h at 25°C as
described in a previous paper (34). The specific radioactivity
of the collagen was 2 X 10* dpm/mg. To activate latent
collagenase in the culture medium, 1 mM p-aminophenyl-
mercuric acetate was added. The activation effect of plasmi-
nogen activator in the culture medium through the formation
of plasmin was studied by adding 50 ug of plasminogen per
ml to the collagenase incubation mixture. The degradation
products of collagen were analyzed by SDS-PAGE (9) fol-
lowed by fluorography (12).

Plasminogen activator assay. Twenty microliters of culture
medium was incubated at 28°C in wells made in agarose
plates containing plasminogen and casein as described ear-
lier (23). When plasminogen is converted to plasmin by the
plasminogen activator, it degrades casein and forms a clear
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FIG. 1. SDS-PAGE of radioactively labeled gingival fibroblast
surface glycoproteins. Pancreatic trypsin or the B. gingivalis 35K
protease (16 U/ml) was added to confluent cell cultures for 60 min.
The glycoproteins were labeled by the periodate-[*H]sodium bo-
rohydride technique and then separated on a S to 22% polyacryl-
amide gel. The controls in lanes 3 and 8 were fibroblasts incubated
with heat-treated B. gingivalis protease, and those in lanes 4 and 9
were cells without enzymes added. Fn, Fibronectin.

lysis disk in the gel which is proportional to both the
plasminogen activator activity of the sample and the time of
diffusion. The casein-agarose plates without plasminogen
were included to provide a control of nonspecific protease
activity in the samples. Human urokinase was used as the
standard.

Materials. Tritiated sodium borohydride (7 Ci/mmol) was
obtained from Amersham Corp., Arlington Heights, Ill. The
other reagents and chemicals, if not otherwise stated, were
obtained from Sigma Chemical Co., St. Louis, Mo.

RESULTS

Cell surface glycoproteins. Following culture with equal
activity units of the B. gingivalis 35K protease or pancreatic
trypsin, the fibroblasts were surface labeled by a periodate-
[*H]borohydride technique. The proteins were then sepa-
rated by SDS-PAGE with or without reduction. Figure 1
shows a fluorograph of the gel. The principal effect of
pancreatic trypsin was degradation of one surface glycopro-
tein. It was identified as fibronectin on the basis of molecular
weight (about 220,000 when reduced) and Western blot
(immunoblot) analysis. The 35K protease produced more
extensive degradation of the cell surface structures. Several
glycoproteins with M.s of >100,000 were degraded. Fibro-
nectin was completely degraded, and one of the major
glycoproteins, with an M, of about 140,000, was partially
destroyed. Upon reduction, diffused bands corresponding to
peptides with M_s of 20,000 to 60,000 were detected in the
gel.
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FIG. 2. Degradation of plasma fibronectin (Fn) by pancreatic
trypsin and the B. gingivalis 35K protease. Following incubation at
37°C, the samples were run on SDS-PAGE using 6% gels. The
fibronectin fragments were transferred to nitrocellulose membrane
and visualized by staining with anti-fibronectin IgG-alkaline phos-
phatase-conjugated anti-rabbit IgG. The incubation times and en-
zyme concentrations were as follows: lane 1, control, 19 h; lane 2,
trypsin (30 U/ml), 5 min; lane 3, trypsin (30 U/ml), 60 min; lane 4,
trypsin (0.6 U/ml), 19 h; lane 5, trypsin (3.0 U/ml), 19 h; lane 6,
trypsin (30 U/ml), 19 h; lane 7, 35K protease (30 U/ml), S min; lane
8, 35K protease (30 U/ml), 60 min; lane 9, 35K protease (0.6 U/ml),
9 h; lane 10, 35K protease (3.0 U/ml), 19 h; lane 11, 35K protease (30
U/ml), 19 h; lane 12, heat-inactivated 35K protease (30 U/ml), 19 h.
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FIG. 3. Immunofluorescence localization of fibronectin (panels A to E) and the corresponding phase-contrast microscope view (panels F

B. GINGIVALIS PROTEASE AND FIBROBLASTS 215

Degradation of exogenous and matrix fibronectin. Purified
plasma fibronectin was incubated with equal activity units of
the 35K protease or pancreatic trypsin for various time
periods. At a low concentration of both proteases, fibro-
nectin was degraded to several peptides, most of them
showing M,s between 60,000 and 200,000 (Fig. 2, lanes 4 and
9). At higher concentrations, the 35K protease showed more
extensive degradation of fibronectin than did trypsin (Fig. 2,
lanes S, 6, 10, and 11). Furthermore, its degradation was
very rapid. Within 5 min, trypsin produced fibronectin
fragments, most of which had relatively high M,s. During the
same time period, the 35K protease almost completely
degraded the fibronectin molecules (Fig. 2, lanes 2 and 7).
Heating the protease to 100°C completely destroyed its
activity. The fibronectin in the fibroblast matrix was de-
tected by immunostaining following culture with the 35K
protease. Almost complete degradation of the intercellular
fibronectin network was observed (Fig. 3, panel E). For
comparison, the fibroblasts were also incubated with crude
B. gingivalis extracts. Extensive degradation of the extra-
cellular fibronectin was evident (Fig. 3, panel C). In contrast,
cells treated with either the crude extracts or the purified
35K protease showed positive staining for fibronectin. Heat-
ing of the crude extracts or the protease totally prevented
degradation of the extracellular fibronectin (Fig. 3, panels B
and D).

Cell morphology. Under phase-contrast microscopy, the
fibroblasts cultured with the 35K protease for 16 h showed
no marked alterations. They were well attached and had an
orientation similar to that of the control cells, although some
widening of the intercellular space was recorded (Fig. 3,
panels J, F, and I). In contrast, the cultures with crude
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to J) of fibroblasts cultured in the presence of B. gingivalis preparations. Confluent cultures of human gingival fibroblasts were exposed for
16 h to the preparations. Panels: A and F, control cultures; B and G, heat-treated crude extracts of B. gingivalis; C and H, unheated B.
gingivalis extracts; D and I, heat-treated B. gingivalis 35K protease; E and J, unheated B. gingivalis 35K protease.



216 UITTO ET AL.

TABLE 1. Effect of B. gingivalis 35K protease on plasminogen
activator activity of cultured fibroblasts®

Mean * SD plasminogen
activator activity
(Ploug U/ml)

Concn of 35K protease
(U/ml)

% Samples of 2 x 10° cells each were cultured to confluency in Dulbecco
modified Eagle medium containing 10% fetal bovine serum. The medium was
changed to 0.5% serum, and the 35K protease was added. Twenty microliters
of each medium sample was assayed for plasminogen activator activity on day
2 by using the casein-agarose gel diffusion assay in the presence of SDS. No
caseinolysis was detected with the protease alone or if plasminogen was not
included in the gel. The values represent samples from four parallel cultures.

b Differs significantly from the control (P < 0.01; Student ¢ test).

extracts showed rounding, detachment, and loss of fibro-
blasts (Fig. 3, panel H). Heat treatment of these extracts
only partially prevented this effect. These latter cultures
showed more cells, many of which appeared to be attached
and oriented normally. However, numerous rounded and
detached fibroblasts were also present (Fig. 3, panel G).

Secretion of plasminogen activator and collagenase. In the
presence of low levels of the 35K protease, the fibroblasts
secreted no detectable levels of plasminogen activator dur-
ing 2 days of culture in a medium containing 0.5% serum.
However, the 35K protease stimulated the fibroblasts to
secrete plasminogen activator. The effect was dose depen-
dent (Table 1). During 2 days of culture in the presence of the
35K protease, the fibroblasts also secreted collagenase (Fig.
4, lanes 1 to 6). Secretion of collagenase was clearly dimin-
ished following removal of the protease from the culture
medium. Collagenase in all cultures was in an entirely latent
form and appeared only when activated with aminophenyl-
mercuric acetate, a sulfhydryl reagent. Collagenase in the
medium was also activated when plasminogen was added to
the collagenase incubation. The activity, however, was only
40 to 50% of that of the aminophenylmercuric acetate-
activated samples (data not shown).

DISCUSSION

The interaction of a cell with the extracellular matrix or
another cell is largely mediated by cell surface molecules (7,
40). During recent years, a number of cell surface receptors
termed integrins has been discovered. These receptors are
dimeric glycoproteins that are linked to the matrix structures
through their cell surface domains and to the cytoskeletal
elements through their intracellular domains (7, 21). Fibro-
nectin is always present on the surface of normal mature
fibroblasts and in the extracellular matrix of connective
tissue (29). It is a major glycoprotein responsible for cellular
behavior, e.g., attachment, spreading, proliferation, and
synthetic activity (6, 31, 37, 40). In this study, we found that
a trypsinlike protease, abundant in B. gingivalis, is capable
of effectively destroying both fibronectin and some other
fibroblast surface glycoproteins. Some vertebrate proteases,
such as trypsin, chymotrypsin, elastase, and plasmin, have
been shown to degrade cell surface fibronectin (2, 31, 32, 37).
Concomitantly, DNA synthesis and cell proliferation are
increased by the proteases (3, 20, 32). It is not known what
specific cellular changes result from the action of the B.
gingivalis proteases or how reversible the damage is. It has
been shown that treatment of gingival fibroblasts with bac-
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FIG. 4. Collagenase secretion of human gingival fibroblasts
treated in culture with the B. gingivalis 35K protease. Confluent
fibroblasts were cultured in the presence of 0.5% serum and the
protease for 2 days (lanes 1 to 6). Thereafter, the medium was
changed and the cultures were continued for 3 days without the
protease (lanes 7 to 12). Unconcentrated medium was incubated for
18 h at 25°C with soluble [*H]proline-labeled type I collagen in the
presence of 1 mM aminophenylmercuric fluoride. The reaction
mixture was run on SDS-PAGE and processed for fluorography.
The protease concentrations were as follows: lanes 1, 2, 7, and 8, 0
U/ml (controls); lanes 3 and 9, 1 U/ml; lanes 4 and 10, 2 U/ml; lanes
5 and 11, 5 U/ml; lanes 6 and 12, 10 U/ml. The positions of the
collagen alpha chains and their 3/4-length degradation fragments are
indicated.

terial plaque extracts leads to degradation of some cell
surface proteins but that the fibroblasts are able to partially
repair the damage (10).

One important aspect of cellular behavior in periodontal
diseases is the production of proteolytic enzymes, such as
collagenase (19). Collagenase in inflamed human periodontal
tissues has been found to originate predominantly from
human cells and not from the infecting microorganisms (35).
It has been suggested that the major route for bacterial
induction of the production of collagenase and prostaglandin
E, in fibroblasts is through the release of interleukin-1 from
mononuclear cells (4). Our study shows, however, that
protease from B. gingivalis is capable of directly inducing
fibroblasts to secrete collagenase. An earlier study found
that trypsin and plasmin induce collagenase from cultured
fibroblasts (38). Production of plasminogen activator is usu-
ally greatly enhanced in fibroblastic cells transformed by
viruses or chemicals (18, 22, 24, 25). Excessive production
of plasmin may trigger reactions that lead to pathological
changes in cells. It has been suggested that plasmin degrades
fibronectin and laminin in the cell attachment sites, thus
releasing cells from contact inhibition (13, 16, 31). In addi-
tion, plasmin may activate latent forms of collagenases
specific for interstitial collagens (39) and type IV (basement
membrane) collagen (25). This could further enhance matrix
degradation in the pericellular area.

The role of the 35K protease in this study and of other
hydrolytic enzymes in the virulence of B. gingivalis is a
subject for further research. It appears, however, that the
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35K protease has the potential to damage cell surface
structures and matrix proteins. Moreover, the protease may
directly induce production of collagenase and plasminogen
activator in fibroblasts. Obviously, in addition to proteases
there are other significant factors associated with B. gingi-
valis that can exert direct deleterious effects on host cells.
The morphology of fibroblasts cultured in the presence of
heated B. gingivalis extracts was markedly altered despite
the presence of an apparently normal fibronectin network.
We have previously found that lipopolysaccharides are
probably the main factor in the inhibition of fibroblast
growth by B. gingivalis (11). Furthermore, we found that
lipopolysaccharides of B. gingivalis also induce plasminogen
activator secretion in fibroblasts and epithelial cells (Uitto
and Larjava, unpublished data).
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